We report the observation of room-temperature magnetic skyrmions in Pt/Co/Os/Pt thinfilm heterostructures and their response to electric currents. The magnetic properties are extremely sensitive to inserting thin Os layers between the Co-Pt interface resulting in reduced saturation magnetization, magnetic anisotropy and Curie temperature. The observed skyrmions exist in a narrow temperature, applied-field and layer-thickness range near the spin-reorientation transition from perpendicular to in-plane magnetic anisotropy. The skyrmions have an average diameter of 2.3μm and transport measurements demonstrate these features can be displaced with current densities as low as J = 2x10 4 A/cm 2 and display a skyrmion Hall effect.
Skyrmions are topologically protected magnetic domain structures that have attracted considerable interest given the rich new physics these textures possess [1] [2] [3] [4] . These spin textures were first observed in bulk magnets lacking inversion symmetry at low temperatures [5] [6] [7] [8] . In these materials, the broken symmetry gives rise to a skew exchange interaction, commonly known as the Dzyaloshinskii-Moriya interaction (DMI) [9, 10] , that stabilizes a helical spin structure at remanence. Under the application of a perpendicular magnetic field, the helical spin configuration undergoes a magnetic phase transformation into a hexagonal skyrmion lattice [5] [6] [7] [8] . Their topological nature enables unique properties such as current-driven motion with low current density [11, 12] , insensitivity to defects [13, 14] , topological Hall effect [15] [16] [17] , skyrmion Hall effect [18] [19] [20] , and non-trivial skyrmion spin wave dynamics resulting from microwave perturbations [21] [22] [23] ; among other characteristics. As a result, these textures have been suggested as a building block for next generation non-volatile memory and logic devices [13, [24] [25] [26] [27] .
There are increasing research efforts to develop thin-film hetero-structured materials that form skyrmions at room temperature and are controllable with electrical currents. The observation of a sizeable interfacial DMI resulting from interfacing thin ferromagnetic films with a nonmagnetic layer that possesses high spin-orbit coupling (e.g. 5-d transition metals such as Ta, W, Pt, Ir, etc.) [28] [29] [30] [31] [32] [33] provides a pathway to engineer material properties to form skyrmions in thin films. Trilayer ferromagnetic heterostructures exploiting interfacial DMI and asymmetric interfaces are particularly attractive materials systems. Examples of reported materials systems where skyrmions are observed include Ta/CoFeB/TaOx [33] , Ta/CoFeB/MgO [34] , Pt/Co/Ta [34] , and Pt/Co/Ir multilayers [35] . This approach has produced most of the materials showing roomtemperature skyrmions with the exception of a few crystal plates [36] [37] [38] [39] and topologicallyequivalent dipole-stabilized skyrmions [40] [41] [42] . So far, the tuning of interfacial DMI has mostly focused on 5-d transition metals do to their high atomic number Z and corresponding high spinorbit coupling.
Here, we report the observation of DMI-stabilized skyrmions in Pt/Co/Os/Pt thin-film heterostructures. Os is a 5-d transition metal located between Re and Ir but there are no reports on contributions to interfacial anisotropy, DMI or skyrmion formation in thin-film heterostructures.
We find that adding a thin Os layer (~ 0.2 nm) into a Pt/Co/Pt structure between the Co and top Pt layer dramatically alters the magnetic properties enabling the formation of room-temperature skyrmions. We observe the skyrmions exist in narrow materials composition, magnetic field and temperature window and are highly thermally active. The skyrmion features (average diameter ~2.3 μm) are of comparable size to those reported for heavy-metal broken symmetry trilayer thinfilm structures [33, 43] . The skyrmions can be moved with low current densities (~4x10 4 A/cm 2 ) and we observe the skyrmion Hall effect when moving the skyrmions with relatively low current density (~10 6 A/cm 2 ) comparable to other DMI skyrmions that form in ferromagnetic trilayers [33, 43] .
The ferromagnetic Pt/Co/Os/Pt thin-films are sputter deposited at ambient temperature in a 3-mTorr Ar pressure. The sputter system base pressure was < 3x10 -8 (Fig. 1a) . This is consistent with numerous previous studies of Pt/Co/Pt structures [44] . For Pt/Co/Os( = 0.1 nm)/Pt, the magnetic hysteresis loop continues exhibiting a square loop with full remanence (Fig. 1b) in order to minimize the total magnetic energy, magnetic domain walls are introduced which results in perpendicular magnetic domains of varied shape and size [46, 47] . Here, the observation of these small domains suggests there is an additional energetic contribution that lowers the domain wall energy. As will be discussed, this suggest the presence of DMI is at least partly responsible for the formation of these small domain features. Increasing the Os thickness to = 0.4 nm results in an image with uniform illumination across the field of view consistent with the magnetization being in the easy plane with no perpendicular magnetic domains present (Fig. 1h) . Figure 2 shows the room-temperature field-dependent domain morphology of the Pt/Co/Os ( = 0.2 nm)/Pt sample. These images are captured as a perpendicular magnetic field is applied from zero-field towards magnetic saturation. At zero-field, the domain morphology consists of disordered stripe domains (Fig. 2a) . The enclosed region in Fig. 2a is enlarged in Fig. 2b . We also observe the disordered stripe domains fluctuate in real-time (Supp. Movie 1), a characteristic state that has been observed when the magnetic system is close to a magnetization spin-reorientation transition [48] or the Curie temperature [49, 50] . As the magnetic field is increased, the extremities of the stripe domains begin to collapse into cylindrical-like magnetic features. We identify these cylindrical magnetic domains as DMI skyrmions based on their response to an applied current. At Hz = 0.7 Oe the domain morphology consists of a closed-packed mixture of disordered stripe domains and skyrmions (Fig. 2c, d ). Increasing the field, the remaining stripe domains will collapse to form a closed packed lattice of skyrmions (Fig. 2e, f) . The skyrmion lattice does not have long range order as commonly observed in bulk crystal magnets where Bloch-type DMI skyrmions have been reported [5] [6] [7] [8] . We also observe the diameter of the skyrmion features does not vary significantly over the field of view (Fig. 2e, h ). Typically, ferromagnetic heterostructures with heavy metal broken symmetry result in DMI skyrmions with varied diameter [34, 35, 43, 51] and this has been correlated to non-uniformity of the heavy metal interface [51, 52] . In our case, we can ascertain the effects of the Os interface is relatively uniform across the surface of the film.
In addition, we also observe real-time thermal fluctuations of the skyrmion domains (Supp. Movie 2). As the magnetic field is further increased, the skyrmions begin to collapse as we approach magnetic saturation. At Hz=1.8 Oe, the domain morphology consists of a disordered skyrmion phase (Fig. 2g, h ). Similar to other interfacial DMI skyrmion materials [33, 43] , the Pt/Co/Os ( = 0.2 nm)/Pt film require low magnetic fields (Hsat < 5 Oe) to saturate. causes the extremities of the stripe domains to contract and their width to decrease (Fig. 4f) . As the magnetic field is further increased the stripes will eventually collapse into disordered cylindrical magnetic domains before the film saturates. The latter is the typical field-dependent evolution of perpendicular magnetic stripes [46, 53, 54] . At T = 299 K, the magnetic loop continues to exhibit characteristics associated with the presence of perpendicular stripe domains, but now the nucleation field Hn has shifted to a higher positive field, Hn = 1 Oe (Fig. 4g) . The field dependent domain morphology is comparable to the one previously described in Fig. 2 : at remanence the film exhibits disordered stripe domains, while under positive and negative perpendicular fields, three different magnetic states are observed: coexisting stripes and skyrmions ( Fig. 4h ), skyrmion lattice (Fig. 4i) , and then disordered skyrmions as highlighted in Figs. 2g and h. At T = 301 K, the magnetic loop has features associated with magnetization along the easy plane, yet the hysteresis is not closed and the film continue to exhibit a nucleation field at Hn = 2
Oe (Fig. 4j) . The field-dependent domain morphology is comparable to 299K, but consists of smaller magnetic features, such as disordered stripe domains with a periodicity of 3-μm at zero field and 2.5-μm skyrmion features at Hz = -1.4 Oe. We also find the closed-packed lattice exists for a wider range of magnetic fields, Hz = -0.9 Oe to Hz = -1.6 Oe. At T = 303 K, the magnetic loop suggests the magnetization now lies in the plane of the film given the nucleation field has become the saturation field and the loop does not exhibit hysteresis (Fig. 4m) . Conversely, there is no evidence of perpendicular magnetic domains as a function of applied field (Fig. 4n, o) .
As seen in Fig. 4 the emergence of the skyrmion phase is extremely sensitive to temperature and magnetic fields. Because of this sensitivity we also observe that small variations in the sample structure can shift the transition. Samples with nominally the same structure can have the skyrmion phase region shift in temperature. However, for each sample we observe the skyrmion phase near the spin-reorientation transition from out-of-plane to in-plane magnetization with temperature. The appearance of small domains near the spin reorientation has been observed in a number of magnetic thin film systems either from changing temperature or changing film thickness [55] [56] [57] [58] .
At the transition where the shape and crystalline anisotropy are balanced, the average domain size tends to decrease dramatically and in some cases small bubble domains can be observed [57] . Thus the presence of the bubbles observed in the microscope image does not necessarily mean they are skyrmions or have a preferred chirality. In magnetic films or crystal platelets, the topology of magnetic skyrmions can be verified by directly imaging the spin textures with Lorentz transmission electron microscopy, a real-space imaging technique [7, 58] . Alternatively, one can study the response of the spin textures to currents to determine if they possess a uniform chiral topology. Since skyrmions possess a topological charge, these textures will displace along a transverse direction relative to the current driving direction resulting from the topological Magnus force. The transverse displacement of the skyrmions is commonly known as the skyrmion Hall effect [18] [19] [20] .
To demonstrate the cylindrical-like magnetic features observed in Pt/Co/Os/Pt films are, in fact, DMI skyrmions with a common chirality, we patterned continuous films into devices with 20-μm wide wires (Supp. Fig. 1, insert) . The cylindrical-like magnetic domains are stabilized under the application of a perpendicular magnetic field, Hz = 0.9 Oe, and a d.c. electric current is applied along the length of the wire. We observe the skyrmion move the direction of the current flow and start to move at current densities as low as 2x10 4 A/cm 2 and the average speed initially increases linearly with current (Supp. Fig. 1 ). The fact that the skyrmions all move in the direction of the current flow suggests a common chirality. However, we were not able to observe the skyrmion Hall effect within the wire because of the temporal resolution of the microscope and the limited wire width. To observe the manifestation of the skyrmion Hall effect we monitored the skyrmion motion from a wire into an extended film. Figure 5 shows polar-MOKE microscopy snapshots of the skyrmion domains at different time intervals t while a constant current density of amplitude J = 1x10 6 A/cm 2 within the wire flows along the patterned wire into the full film. After saturating in a positive field and applying a small negative out-of-plane field, the magnetic domains appear as white-contrast features and within the field-of-view there exists a combination of cylindrical-like magnetic domains and stripe domains at t = 0 s (Fig. 4a) . When the electric current flows through the wire, we observe the magnetic features begin to flow in the direction of the current flow and then emerge into the full film (Supp. Movie 3). Since the current density is much higher in the wire, the domain features are displaced at higher speeds within the wire than in the full film and we do not have the temporal resolution to track the skyrmions in the wire.
However, it is observed that the cylindrical features exiting the wire move transverse to the direction of the current flow and these textures begin to accumulate on the left-hand side (LHS) of the full film. Snapshots of the time-varying domain morphology at t = 5 s (Fig. 4b) , t = 12 s (Fig.   4c ) and t = 21 s (Fig. 4d) show the population of skyrmions textures accumulated on the LHS increases and no cylindrical textures populate the right-hand side (RHS) of the full film. After saturation in a negative field and then applying a small positive magnetic field, the cylindrical magnetic domains appear as dark-contrast features (Figs. 4e-h ) in the image. These features also displace transverse to the current direction; however, these textures accumulate on the RHS of the full film and the population of these textures increases with time (Figs. 4f-h) . The difference in transverse motion for opposite magnetization spin textures suggests these domains are, in fact, DMI stabilized skyrmions with a fixed chirality [19, 20] . [19, 20, 43] . From this we can determine that the sign of the DMI is negative if arising from the bottom Pt/Co interface which is in agreement with previous measurements [28, 60] . Since the motion of skyrmions is in the direction of the current flow we cannot ascertain whether the mechanism driving the displacement is spin-orbit-torque but we believe the motion results from the SOT arising from the bottom Pt layer in agreement with previous studies of Pt/Co-based heterostructures [61, 62] .
In conclusion we have explored the magnetization, anisotropy and formation of DMI skyrmions in Pt/Co/Os/Pt heterostructures that form in narrow composition, temperature and magnetic field window. The skyrmion features appear in an energetic region near the temperature driven magnetization spin reorientation from out-of-plane to in-plane anisotropy. We have also
shown that these skyrmion features can be displaced with low current densities that are comparable to those used to displace DMI skyrmions that form in non-centrosymmetric bulk magnets and display a skyrmion Hall effect. 
